Quantifying the uncertainty sources in assessment of climate change impacts on hydrological processes is helpful for local water management decision-making. This paper investigated the impact of the general circulation model (GCM) structural uncertainty on hydrological processes in the Kaidu River Basin. Outputs of 21 GCMs from the Coupled Model Intercomparison Project Phase 5 (CMIP5) under two representative concentration pathway (RCP) scenarios (i.e., RCP4.5 and RCP8.5), representing future climate change under uncertainty, were first bias-corrected using four precipitation and three temperature methods and then used to force a well-calibrated hydrological model (the Soil and Water Assessment Tool, SWAT) in the study area. Results show that the precipitation will increase by 3.1%-18% and 7.0%-22.5%, the temperature will increase by 2.0 W C-3.3 W C and 4.2 W C-5.5 W C and the streamflow will change by À26% to 3.4% and À38% to À7% under RCP4.5 and RCP8.5, respectively. Timing of snowmelt will shift forward by approximately 1-2 months for both scenarios. Compared to RCPs and bias correction methods, GCM structural uncertainty contributes most to streamflow uncertainty based on the standard deviation method (55.3%) while it is dominant based on the analysis of variance approach (94.1%).
This paper aims to investigate the impact of climate change on the hydrological system and assess the impact of GCM structural uncertainty on hydrological processes.
To this end, a cascade of a GCM ensemble, downscaling methods and a HM were used to simulate future hydrological processes. Three main questions are addressed:
(1) How will the future climate and hydrological processes change in this arid mountainous region? (2) Which one of the following issues contributes most to future hydrological processes: GCM structure uncertainty, representative concentration pathways (RCPs) or downscaling methods? (3) Do different uncertainty decomposition methods produce different results? Understanding these issues will enable us to better assess future hydrological changes and related uncertainties. The paper is organized as follows: the section below introduces the study area; the next section describes the cascade of the GCM ensemble, bias correction methods, HM and the methodology on how to decompose the uncertainty sources; a results and discussion section follows and the final section drawing conclusions.
STUDY AREA
The Kaidu River Basin (Figure 1) Figure 2 .
GCMs and RCPs
The state-of-the-art climate change projections of 21 GCMs under two emission scenarios (RCP4.5 and RCP8.5) were used as climatic data in this study ( Table 3 . More details of the SWAT model setup and calibration can be found in Fang et al. (c) .
When studying the impact of climate change on flow extremes, we used average annual 3-day maximum high , 2020-2039, 2040-2059, 2060-2079 and 2080-2099 ) was calculated as:
where Q FUT and Q CTL are values of a given hydrological variable at the future period and control period. The decomposition of its total uncertainty can be conducted by either the standard deviation or ANOVA.
Standard deviation method
In the standard deviation method, the uncertainty σ A from source A can be derived as the mean standard deviation of the model ensemble by varying source A, while keeping other sources (denoted as A∼ in the equation below) constant:
where μ(.) and σ(:) represent the mean and the standard deviation operator. For example, the uncertainty from GCMs σ GCMs can be obtained through Equation (2) by varying
GCMs from 1st to 21st while keeping RCP, BC pcp and BC tmp constant.
ANOVA approach
When applying the ANOVA approach, each uncertainty source is taken as an 'effect' which has an influence on Y.
The total sum of squares (SSQ tot ) can be decomposed into sums of squares of the individual uncertainty source, their interactions (SSQ Interaction ) and an error term SSE. In this study, we ignored the interactions and ANOVA is expressed as: Then, we can get the contribution η i of the ith uncertainty source to the total ensemble uncertainty:
The signal-to-noise ratio (S/N) was used to quantitively reveal the robustness of the projected streamflow ( 
The S/N can be represented by:
σ noise ¼ μ(σ t (Y(n, t))) with n ¼ 1, 2, . . . , 252, and
The larger S/N is, the higher the credibility and more significant are the changes in the projected streamflow.
Normally, S/N > 1 indicates that the projections are credible to a certain extent while S/N < 1 indicates low credibility or with unsignificant changes (Zhou & Yu ) .
Further, the consistency of the simulations is estimated as the ratio of the number of simulations with negative projected relative streamflow changes (N negative ) to the number of all simulations (N ¼ 504 in this case).
RESULTS AND DISCUSSION
Performance of the HM Evaluation statistics in Table 3 
Projected changes in the precipitation and temperature
The projected precipitation and temperature changes are presented in Figure 4 . The medians of annual precipitation change are 8% and 16%, while their 25% and 75% quantiles are 3.1%-18% and 7.0%-22.5% under RCP4.5 and RCP8. River. This may be related to these rivers having a considerable part of the runoff fed by glacier melt water, while the The uncertainty from GCMs based on the standard deviation method is the most important, which accounts for 55.3% of the total uncertainty, which is much lower than that based on the ANOVA approach (over 90% uncertainty caused by the GCMs). The reason may be that the ANOVA uses the square index to quantify the uncertainty contribution, which tends to favour high uncertainty sources.
Uncertainty decomposition
The uncertainty result demonstrates the high contribution of climate models in uncertainty estimation of streamflow and suggests that the most effective way to reduce projection uncertainty is to reduce uncertainties in climatic predictions, as shown in Zhang et al.
().
As uncertainty in hydrological modelling is inevitable, it is important to determine the credibility and robustness of the projected streamflow change. Here, we used signal-to- While all the state-of-the-art GCMs predicted an increased temperature, the predicted precipitation has both decreasing and increasing trends of different magnitudes. Precipitation will increase by 3.1%-18% and 7.0%-22.5% while temperature will increase by 2.0 W C-3.3 W C and 4.2 W C-5.5 W C (represented by their 25% and 75% quantiles), respectively, for 2080-2099 under RCP4.5 and RCP8.5.
For the 21st century, streamflow is likely to increase until the 2060s and then decrease thereafter. Streamflow will change by À26% to 3.4% under RCP4.5 and by À38%
to À7% under RCP8.5, respectively, for 2080-2099. Seasonally, streamflow will decrease by À27% and À15% for the summer months (June, July and August), while it will increase by 3.0% and 3.7% in spring (March, April and May) under RCP4.5 and RCP8.5, which may result in a potential water shortage during the critical water-demand summer. The seasonal shift of streamflow may be related to the spring freshet because SM will shift forward for approximately 1-2 months.
GCMs-related uncertainty was the most important based on the standard deviation method and ANOVA approach, while uncertainties linked to RCPs and bias corrections for precipitation and temperature are less important. The standard deviation method generated more mediocre results compared to the ANOVA approach.
Although the impacts of climate change on hydrological processes have been investigated in many previous studies, this study presents a complete study on future hydrological changes, highlighting the uncertainties caused by climate models. This study provides useful information on predicting uncertainty and credibility for water resource management and agricultural planning.
